Abstract Subsurface environments are non-negligible contributors to the net carbon balance because they act as natural sinks of CO 2 and are responsible for the efflux to the Earth's atmosphere during their ventilation states. In this way, the characterization of the CO 2 dynamics in these underground environments is essential to determine the gas exchange between both atmospheres. A complete microclimatic analysis and trace gas (CO 2 and 222 Rn) monitoring of Rull cave (southeast Spain) were conducted to characterize the natural dynamics and anthropogenic influence on the cavity. The analysis was accomplished by implementing wavelet analysis and resemblance techniques. This study enhances wavelet analysis as an efficient tool to analyse microclimatic time series, as it allows for the detection of the main periodicities of signals located in the time domain and the prevailing relationships between them. The analysis indicates that the low-frequency components of the signals were close to the identified annual natural cycles. For a 1-year cycle, the ventilation of the cavity causes the CO 2 concentration to decrease from 3569 to 932 ppm in nearly 1 month, highlighting the existence of an output efflux from the cavity. On the contrary, the high-frequency components are linked to human perturbations caused by visitors in the cavity.
Introduction
CO 2 exchange between terrestrial ecosystems and the atmosphere becomes crucial to understanding the feedbacks between climate change, net carbon balance and the land surface (Frisia et al. 2011) . Plenty of CO 2 is contained in the soil surface and subterranean environments, turning these environments into non-negligible contributors in the global CO 2 balance, which should not be underestimated (Bourges et al. 2014; Cuezva et al. 2011; Kell 2012; Serrano-Ortiz et al. 2010; Pu et al. 2014) .
The migration of CO 2 contained in the enriched vadose zone, primarily of an edaphic origin, is responsible for the accumulation of this gas in the underground cavities. In this regard, underground environments from the vadose zone can, in some cases, exceed the volumetric CO 2 fraction of 5 % (Benavente et al. 2010; Sanchez-Cañete et al. 2013; Peyraube et al. 2013 ) that represents a CO 2 concentration more than 100 times larger than the one registered in the external atmosphere.
Subsurface environments are subjected to different mechanisms that derive from recharge, isolation and storage processes, characterized by significant seasonal, and even daily, variations (Fernandez-Cortes et al. 2011a; Garcia-Anton et al. 2014) . According to previous studies, caves experience ventilation states responsible for the release of stored CO 2 to the Earth's atmosphere. The average net CO 2 outgassing from underground cavities varies depending on the study site. For instance, some estimations of outgassing CO 2 fluxes established values of 120 mol day -1 on average for the Hollow Ride cave (Kowalczk and Froelich 2010) , 2.34-11.71 kg day -1 for Grotta di Ernesto (Frisia et al. 2011 ) and up to 7600 mol day -1 (approximately 335 kg day -1 ) for the Ojo Guareña karst system .
Underground cavities are defined by the stability of their indoor climatic conditions. Occasionally, these environments have become tourist attractions where large numbers of people can be counted every year (Docampo et al. 2011) . As a result, visitors generate an additional anthropogenic input of CO 2 (Faimon et al. 2006) or airborne microorganisms (Docampo et al. 2011; Fernandez-Cortes et al. 2011b) .
To characterize and understand the dynamics of these natural systems, it is essential to study their microclimatic data series (Bourges et al. 2014; Frisia et al. 2011; Mattey et al. 2010) . For instance, studying the variations in the 222 Rn concentrations is of great interest in subterranean environments (Valladares et al. 2014) , as they are good indicators of the connection with the atmosphere not influenced by anthropogenic impacts. Because 222 Rn is chemically inactive, the balance of its sources and sinks is much simpler than those of other trace gases (Pitari et al. 2014) . In cave climate studies, 222 Rn (abundant in caves) has often been used as an excellent tracer for air circulation (Gregorič et al. 2014) .
To obtain helpful conclusions from the recorded data, a full analysis is required that allows for identifying the interaction between several factors and for detecting long trend behaviours affecting the data. The parameters monitored inside the caves allow for assessing the impact of visitors to the underground atmosphere. For cave managers, who oversee serious efforts to accomplish the protection and conservation of these environments, the study of cave dynamics has been a useful tool.
Currently, analyses of the non-stationary signals are accomplished by signal processing techniques, which have not usually been applied to cave microclimate data due to the absence of a specific methodology. The study and comparison of microclimatic signals should be focused on detecting the relationships between them. Therefore, the analysis would allow for establishing new conclusions about the microclimatic dynamics and trace gases in cavities and other underground environments.
The identification of the prevailing relationships between CO 2 concentration and microclimates in the underground atmosphere, which entirely contribute to the gas exchange with the outdoor atmosphere, can be improved when a proper analysis is applied. To develop an effective data analysis, some tools, which have been applied to other research fields, can also be applied to microclimatic data series as a novel application. For instance, segmentation methods have been successfully applied to tunnel boring (Denis and Cremoux 2002) and in detecting the mechanical behaviour of different geological formations (Frantziskonis and Denis 2003) ; spectral techniques have been used in analyses of precipitation (Li et al. 2014) ; wavelet analysis has been employed, for instance, for studies of environmental variables such as soil variations (Milne and Lark 2009) , seismic wave characterization (Galiana-Merino et al. 2011) , the identification of karst spring systems (Chinarro et al. 2012) , long-term aerosol concentration changes (Pal and Devara 2012) and atmospheric boundary layer dynamics and the impact on trace gas variability (Pal et al. , 2015 . Wavelet analysis is applied to reveal information on the periodicities present in data series. It enables filtering of raw signals of monitored factors by removing the non-useful parts of the recorded measures. In contrast to Fourier analysis, which only probes frequency characteristics of the signal, wavelets are localized in both time and frequency domains simultaneously.
The aim of this paper is to characterize the behaviour of CO 2 in the cavity to better understand the seasonal and transient behaviour of gas exchange between outdoor and indoor atmospheres. For this purpose, wavelet and resemblance techniques are performed and applied to the recorded signals in Rull cave, which represents a complete example of a touristic cavity in a typical Mediterranean climate. The analysis will allow differentiating between the stable natural trends in microclimatic signals and the human induced perturbations caused by visitors in the cavity.
Materials and methods

Study site
Rull cave (38°48 0 40 00 N; 0°10 0 38 00 W) is located in the northeastern area of Alicante province, on the Spanish Mediterranean coast (30 km far from the coast line). The cave is located in massive Miocene conglomerates, which present textural and petrophysical complexity (De Carvalho et al. 2013 ) and were deposited on Cretaceous limestones. The overlying soil has a thickness of about 1 m with predominant silty texture and no differentiated horizons. The cavity mainly consists of an almost rounded shape, which comprises a total area of 1535 m 2 . Cave ceiling reaches a maximum height of 20 m in the central chamber, and the relative thickness of the overlying host rock varies from 9.3 to 22.3 m. The study area is characterised by a thermo-Mediterranean sub-humid climate (Rivas-Martinez 1984) . Inside the cave, calcite speleothems such as stalactites, columns, curtains or crusts are common, and fallen blocks of different sizes are present due to old ceiling collapses . Currently, the cavity has a single entrance shut by a door (approximately 3 m 2 ) located at the top part of the cave, at the highest level. Rull cave is a tourist cavity, which has been equipped to attract visitors and spotlights and concrete corridors have been installed to allow people moving around easily when visiting the cave. Visitors annual average value is 13265 (20129 people in the studied period). Maximum number of visits occurred in summer and Easter Holidays. For the whole studied period, average value of visitors was 41 people per day. The cave remains annually closed for a 30 days period between January and February. Visits are organised in groups formed by an average value of 6 people but depending on the characteristics of the visit (scholars, groups of people, individual families, etc.) more than 100 people can enter into the cave simultaneously. The visits get into the cave every 20 min and the guides perform visits twice an hour approximately.
Monitoring system
A microenvironmental monitoring system was installed to record microclimatic data on cave air from May 2013 to September 2014. The principal monitoring system consisted of one complete station with an 8-channel, 16-bit datalogger (COMBILOG TF 1020, Theodor Fiedrich & Co., Germany), RAM memory (512 Mb) and RS232 communication system. Although it is connected to the electrical power supply, the system is also provided with two security batteries that assure 14 h of autonomy. The station scanned the connected probes every 10 s and recorded 15 min averages. Air temperature and relative humidity were measured by a HygroClip S3 sensor (Pt100 1/10 DIN temperature sensor and a Rotronic humidity sensor). Measurement ranges were from -40 to 100°C and 0-100 % with accuracies of ±0.1°C and ±0.8 %, respectively. Atmospheric pressure was measured with a silicon capacitive sensor Vaisala BAROCAP-PTB 100 (Finland) with a measure range and accuracy of 800-1100 ± 0.3 hPa. A non-dispersive infrared analyser ITR 498, ADOS (Germany), 0-10000 ppm measurement range and 0.3 % accuracy with a suction pump was used to measure CO 2 concentrations.
Radon concentrations were determined with a Radim 5WP Radon monitor (SSM&SISIE-Prague). The device was designed to support high humidity conditions. The measurement range is 80-50000 Bq m -3 with a measurement interval of 30 min. In addition three extra control points were located inside the cave and were equipped with an autonomous datalogger, which stored 15-min average values of the air temperature and relative humidity (HOBO U23 Pro v2, Onset, Bourne, MA, USA).
Outside the cave, a weather station with an independent data logger (HOBO U12, Onset, Bourne, MA, USA) recorded air temperature, relative humidity, barometric air pressure, rainfall and wind (speed and direction) values every 15 min.
Time-frequency analysis
The different components of the microclimatic signals are obtained and evaluated. At first, data series are studied separately. Afterwards, wavelet analysis is performed for each data series, and relationships between pairs of time series are highlighted by cross analysis.
Wavelet transform is a successful technique to capture the characteristics and to detect localized phenomena in non-stationary time series (Rajaee 2011; . By implementing wavelet analysis, a signal can be analysed at different time-frequency resolutions through scaled and translated versions (wavelets) of a basis function called a mother wavelet. In this work, continuous wavelet transform (CWT) and discrete wavelet transform (DWT), which are briefly described in the following paragraphs, are implemented. For a deeper theoretical knowledge of the subject, some interesting references can be consulted (e.g., Daubechies 1992; Kaiser 1994; Strang and Nguyen 1996; Wickerhauser 1994) .
Relative to the studied signals, i.e., microclimatic data series, the term period (inverse of frequency) is more suitable to be used. Thus, in the subsequent explanations and analyses, the frequency and time-frequency domains are converted to period and time-period domains, respectively. Therefore, the periodicities of the prevailing factors can be highlighted in a more intuitive way.
The principal variables in the microclimatic analysis are considered relative humidity (RH), interior temperature (T in ), outdoor temperature (T out ) and variation in the CO 2 concentration. The temperature of the cave interior is mainly affected by the presence of visitors, which may be considered one main cause of thermal disturbance compared to natural variations (Calaforra et al. 2003) . Additionally, CO 2 concentration and RH are also affected by human presence.
Discrete wavelet transform
By filtering the signals recorded in Rull cave, high-frequency events can be distinguished from low-frequency events and high and low components of the signal can be Environ Earth Sci (2016) 75:446 Page 3 of 16 446 studied separately. The DWT is implemented as the selected filtering method for the first part of the analysis, as it allows a compact representation of the data with a useful reduction in signal noise. The mother wavelet filter used in DWT analysis is Daubechies 10, which experimentally has been considered appropriate for the study of the analysed microclimatic signals.
Previous works employed discrete wavelet transform (DWT) to filter data series. DWT follows a sub-band coding scheme (Mallat 1989 ) based on two quadrature filters that work as high-pass (wavelet filter, derived from the respective mother wavelet) and low-pass filters (scaling filter) plus downsampling by a factor of 2. The application of these filters provides two new signals, i.e., the wavelet (or detail) and scaled (or approximation) coefficients. These filters are successively applied on the scaled coefficients for each scale or level of the wavelet decomposition. Thus, for a wavelet decomposition of L scales, the approximation signal at scale L and the detail signals at scales from L to 1, e.g., L ? 1 coefficients, are obtained, each one associated with a theoretical period band. The selected scale to perform the analysis is scale 8. Attending to the sampling frequency, raw signals contain theoretical periodicities ranging from 1.33 to infinite days. Following the decomposition pattern for the DWT, periodicities from 170 to infinite days (which contain 1-year periodicity) are highlighted when selecting scale 8. DWT is performed with the Environmental Wavelet Tool (EWT) (Galiana-Merino et al. 2014) . EWT is a MATLAB-based computer code developed for the simultaneous wavelet analysis and filtering of several environmental time series, particularly focused on the analyses of cave monitoring data. The application of the wavelet and scaling filters on finitelength signals suffers from edge effects that appear in the borders and the gaps of the data series and limit the maximum scale of analysis.
In the literature, numerous approaches and applications of DWT can be found: the analysis of trends in streamflow and precipitation (Nalley et al. 2012; Partal and Kucuk 2006) , the assessment of long-term trends in geomagnetic activity (De Artigas et al. 2006) , the detection and location of seismic events d'Auria et al. 2010; Galiana-Merino et al. 2007 , 2008 Hafez et al. 2010) , and the analysis of geophysical data series (Percival 2008) .
Continuous wavelet transform
In this study, CWT is applied on the separated components of the signals (low and high frequency) using the Morlet wavelet. The results obtained when performed CWT analysis will be used afterwards to perform XWT and WTC. In the continuous wavelet transform (CWT), the wavelet function works (although not strictly necessary) as a band-pass filter well located in frequency through a scale parameter and well located in time through a translation parameter and the effective time support of the wavelet used. For the most commonly used wavelet families, the scale is directly proportional to the central period of the wavelet and can be set up to a real number. Thus, the CWT results correspond to the analysis (or filtering) of the signal at some specific period or set of periods (scales). The filtering of any finite-length signal through the wavelet functions produces some edge effects, which reduce the reliability region of the wavelet results.
CWT has been applied in multiple research applications, such as the analysis of soil spatial variations (Biswas and Si 2011) and soil hydraulic properties (Si 2003) , filtering of multichannel seismic data (Galiana-Merino et al. 2013 ), characterization of surface waves Kulesh et al. 2005 Kulesh et al. , 2008 , the study of wave polarization properties (Diallo et al. 2006; Kulesh et al. 2008) and airborne CO 2 measurements over heterogeneous landscapes (Vadrevu and Choi 2011) , the evaluation of meteorological data characteristics (Wang and Lu 2010) , and studies focusing on the impact of boundary layer dynamics of atmospheric CO 2 concentration variability (Lac et al. 2013; Pal 2014) .
Mother wavelets
Both the choice of an appropriate mother wavelet filter and the wavelet transform depend on the specific application, although the selection is not unique and several choices can provide similar results. With respect to the mother wavelet, they are grouped into different types of wavelet families with different properties. In this work, both Daubechies and Morlet wavelets are used. The Daubechies family offers a compromise between smoothness and compactness (Dohan and Whitfield 1997) . Its soft signal variations and shape allow for an easy fit to our type of data. Daubechies wavelets have been employed to analyse seismic signals (e.g., Galiana-Merino et al. 2003 , drilling-ability data (Frantziskonis and Denis 2003) and precipitation series (Luan et al. 2011) . Morlet wavelets are used to find temporal periodicities. Morlet mother wavelets provide a good balance between time and frequency space (Grinsted et al. 2004 ).
Cross wavelet transform and wavelet coherence
After the identification and extraction of some interesting parts or components of the registered signal through wavelet analysis, the next step is to identify relationships between the obtained new signals along time or frequency to determine common behaviours between them. To achieve this aim, cross wavelet transform (XWT) and wavelet transform coherence (WTC) are calculated between two CWTs.
The study of interrelations between pairs of time-domain signals can be performed by the application of the XWT. A significance test is conducted at every point in the time/scale plane to check the wavelet power. WTC analyses the coherence and phase lag between two time series as a function of both time and frequency. Areas with high common power between signals are identified in XWT and WTC between pairs of signals. In our study, XWT and WTC are implemented with the software provided by Grinsted et al. (2004) , which is available as a MATLAB software package.
Resemblance analysis
In this study, resemblance analysis in DWT is performed to identify common behaviours in time series. Coherence function characterises the degree of similarity between signals in the frequency domain. The mean value of the coherence function can be used as an indicator of the similarity between two time series. A high mean value of coherence is obtained when both analysed sequences present a similar frequency composition (Philippidis and Aggelis 2003) .
Results and discussion
Rull cave microclimate conditions
The microclimate of Rull cave was continuously controlled for the period comprised between May 2013 and September 2014. Inside the cave a stable microclimate governs (Fig. 1a) . The average annual indoor temperature is 15.9°C. The temperature follows an annual cycle, with the highest temperature (16.3°C) occurring during winter and the lowest temperature (15.6°C) occurring in summer. The cavity is well characterised by a high thermal stability, but remarkable (±0.1°C) daily temperature fluctuations inside the cave are detected from March to August, which might be directly related to the highest presence of visitors in this period. These daily fluctuations tend to disappear from September to February. Temperature differences between indoor and outdoor atmospheres vary in describing the same annual pattern of CO 2 and 222 Rn concentrations (Fig. 1b) . Relative humidity (Fig. 1c) always remains near saturation ([97 %), but an annual pattern is identified for the whole year. Maximum values of relative humidity (98.9 %) occur from September to February, in accordance with temperature. From March to August, the RH values decrease and daily fluctuations (±1 %) are noticeable, similar to those that occurred with T in .
Density differences between the cave and the outside air are primarily responsible for the gaseous recharge (AprilOctober) or outgassing state of the cavity (NovemberMarch). The gaseous recharge of the cavity occurs when the outdoor temperature is higher than the cave air temperature as a consequence of the air density differences. During this period the cave experiences an isolation state: the gaseous interchange between the underground and exterior atmosphere is limited. On the contrary, the outgassing state of the cavity occurs when the outdoor temperature is lower than the temperature inside the cavity.
In Rull cave, the CO 2 concentration also reveals an annual periodicity (Fig. 1d) . The amplitude of the CO 2 measurements varies from 565 ppm (February) to 4065 ppm (September) with an average annual value of 2216 ppm. The minimum CO 2 concentration of cave air is achieved during the coldest months, whereas in the warmest months, a considerable increase in CO 2 content is registered inside the cavity.
222 Rn shows a similar pattern, revealing a strong relationship between both gases. In Rull cave, the 222 Rn annual pattern reveals maximum values during summer (nearly 3500 Bq m -3 ) and minimum values (513 Bq m -3 ) in winter, with an annual average concentration of 1762 Bq m -3 . Figure 1d shows some problems with 222 Rn measurements deduced by the important amount of gaps in the register. The lack of continuity in the 222 Rn register is responsible for not performing wavelet analysis with this signal.
Within the cave, the barometric pressure has an average value of 961 mbar, with an oscillation range no greater than 32 mbar (Fig. 1a) . The barometric pressure inside the cave is completely closed to the environmental barometric pressure at the exterior (average value of 962 mbar), indicating a connection between the external and cave atmospheres.
The mean outside temperature is 17.4°C with notable oscillations throughout the year. In the coldest months, temperatures may reach nearly 0°C, and in the warmest periods, they can exceed 30°C. The relative humidity in the exterior varies from 10 to 70 % with an average of 62 %. Precipitation is limited in the area. The annual rainfall (September 2013-August 2014) was 276 mm, principally distributed in small events in the fall and spring seasons. Density differences (Fig. 1b) were calculated using the ideal gas equation and assuming that the air is a mixture of water vapour and dry-air (Cuezva 2008) . For cave air, the CO 2 concentration was taken into account due to the high concentrations of gas, which could affect the absolute value of the air density.
As a consequence of the presence of visitors in Rull cave, the raw recorded signals are composed of low (related to the natural trends of the signal) and high frequencies (influenced by daily cycles, presence of visitors Environ Earth Sci (2016) and even by some sporadic meteorological events, such as rainfall). In the following sections, this time-frequency behaviour of CO 2 and the internal and external climatic parameters are described in detail.
Low-frequency component: seasonal characteristics
The low-frequency component of CO 2 , RH and T in describe a cyclic behaviour (Fig. 2a-c ). Both components (low and high frequency) are differentiated from the original recorded signals. Thus, the low-frequency components are released of high-frequency events, which is almost equivalent to affirming that the human impact has been removed from the signals. In Fig. 2 , the original signals were filtered using DWT (mother wavelet filter Daubechies 10, scale 8), and their components were differentiated. The value of coherence between RH and T in is 0.996, which confirms the existing interrelation between them. T in directly depends on the external temperature (T out ), although the response of T in is delayed in relation to T out . The maximum T in occurs in January, whereas the maximum T out occurs in August, which indicates a 6-month lag. The main factor responsible for this delay is the low thermal conductivity of the host rock. The rock requires long periods of exposure to outdoor conditions to transmit changes in the indoor conditions (Hoyos et al. 1998 ). In addition, the ventilation stage, which occurs from November to March, might also contribute to this delay. The highest RH occurs from September to February due to the decrease in T in . The low-frequency component of the CO 2 signal reveals the two distinguishable states of the cavity in the annual cycle. The CO 2 concentration displays 1-year cycles as a result of the isolation or outgassing state of the cavity. The seasonality of the outside-inside temperatures directly exerts an effect on CO 2 behaviour (Fig. 1) . Seasonal temperature variability implies air density differences between the cave and outside air, which control the seasonal ventilation of Rull cave. Throughout the entire cycle, the CO 2 concentration was dependent on the temperature ratio. In the winter, from November to March, ventilation was predominantly driven by air density differences between the cave and the external atmosphere, and air renewal processes maintained CO 2 levels below the average annual concentration. In contrast, from April to October, temperatures inside the cave remained below the external temperature; the cave functioned as a trap for cold and CO 2 -enriched air. In 2013, from October 28 to December 1, the CO 2 concentration decreased from 3569 to 932 ppm, suggesting that a renewal process of the cave air occurred continuously for the entire month.
High-frequency component
In Fig. 2 , the high-frequency components of the signal confirmed the influence of visitors in the cavity microclimate. Signal disturbance is directly related to human presence: major oscillations in the high-frequency components of T in and RH occurred when the number of visitors was higher (April-September-October) and when the cave remained isolated. In addition, CO 2 oscillations detected in the high-frequency component of the signal allowed for detection of major events of visitors.
In Fig. 3 , the signals are analysed in pairs: T out and T in , CO 2 and T out -T in differences and CO 2 and rainfall. Relationships between CO 2 and T out -T in differences are evaluated because air density differences (as a consequence of temperature differences) are essential in cave ventilation. To perform the analysis for the whole studied period (May 2013-August 2014), T out -T in differences are used instead of D in -D out differences due to the lack of data of D in -D out differences for the first few months of the studied period.
Temperature differences (T out -T in )
In Fig. 3a, b , the periodicity at the 1-day band is identifiable when performing XWT and WTC of the high-frequency components. The XWT of T out and T in signals shows regions with large common spectral power in the time-frequency domain. In the 1-day band, signals are phase related. The WTC graph shows areas of strong correlation between both signals with values close to 1. For all of the scalograms in Fig. 3 , the cone of influence (curved lines) determines an area where the edge effects cannot be ignored. The border distortion is usually caused by insufficient data points both at the beginning and at the end of finite-duration signals. The edge effect increases with scale and reduces the effective length of the analysed data series.
A total of 20129 people visited the cavity in the studied period, but in the warmer months (from April to October), the number of visits was 16860. Thus, nearly 84 % of visits occurred in these months. The average weekly value of visitors from April to October is 355, whereas it is 166 from November to March.
The 1-day periodicities are identifiable in months when the cave remains in an isolation state (April-October), coincident with the existing oscillations in RH and T in signals (Fig. 2a, b) . On the contrary, when the cave is in an outgassing state, the 1-day periodicities in the T out -T in relationships disappear. Two main causes might be responsible for this. (1) A major T out influence inside the cavity during the isolation state, which is characterized by the daily permanent cycles (day-night). When the cavity is isolated, it is governed by an indoor calm state where the influence of T out , the presence of visitors and any type of disturbance is much more noticeable. In contrast, during the outgassing state, ventilation and air renewal processes buffer the effects of the possible disturbances. (2) The presence of visitors inside the cavity is accentuated in this period (Fig. 2d) . A higher visitor regimen provokes an increase in the openingclosing mechanism of the door. This is directly related to the indoor microclimate disturbance and accentuates the 1-day periodicities in RH and T in . In addition, the phase arrows (T out -T in ) indicate a change in the behaviour of the signals. They are in phase (pointing right) (Fig. 3a, b) for the whole 1 day-band periodicity (isolation state of the cavity), but there is a short period (November 2013) when the arrows display different characteristics, which might be related to the rapid gaseous discharge of the cavity.
Influence of high-frequency events on the CO 2 signal
From April to October, the low-frequency component of CO 2 reflects the recharge state of the cavity (input efflux of soil produced CO 2 in the cavity), whereas during the winter, an opposite pattern (CO 2 -outgassing state) is described by this low-frequency component (Fig. 2c) . The high-frequency component of CO 2 is evaluated in both states because some differences are noted in the recorded signal. In Fig. 3c, d , the 1-day periodicity band is also existent when the CO 2 signal is compared with the T out -T in difference, although the CO 2 signal does not show evident daily cycles by itself compared to those in the T in and RH signals. As cited previously, it seems that the air renewal process when the cave is in a ventilation state buffers the 1-day periodicities. The high-frequency CO 2 component disturbance in the cavity is caused by different factors: (1) In some cases, rainfall acts as a high-frequency event, causing some disturbance in the CO 2 concentration. The WTC graph between the high-frequency component of CO 2 and rainfall (Fig. 3e,  f) shows areas of strong correlation between both signals coincident with precipitation events in August-September 2013, November-December 2013 and March-April 2014. Each rainfall episode produces a quasi-simultaneous increase in the CO 2 concentration inside the cavity (Fig. 1) . In particular, the rainfall episode in December 2013 caused a simultaneous increase in CO 2 and 222 Rn concentrations. After the rainfall event, dripping points become activated and CO 2 -degassing from drip-water increased. However, CO 2 is mostly transported in the gaseous phase involved in downward dysphasic flow rather than as a dissolved species degassing from supersaturated cave waters (Bourges et al. 2014) . The seepage moves through the connected porous system of rock fractures and fissures, and the air trapped in the porous system (CO 2 and 222 Rn enriched) is pushed into the cavity. (2) The most important disturbance in the CO 2 high-frequency component is the result of human impact after a massive visit (i.e., more than 50 people, large groups of scholars or retirees) in the cavity, when the CO 2 concentration increases temporally due to the anthropogenic input of CO 2 . For instance, the peak in CO 2 concentration found at the end of September 2013 was caused by a 250-person visit (Figs. 1, 2) . The baseline concentration is recovered after the visit events over a period of time that might depend on the cavity state.
In addition to periodicity at the 1-day band, Fig. 3c shows areas of strong correlation between both signals in the 4-to 16-day band during most of the evaluated period. Nevertheless, this is not confirmed with WTC for the same signals. This fact should be carefully interpreted because resonance effects may exist, falsely indicating an important contribution of the two signals at the same frequency band (Veleda et al. 2012) . Figure 4 plots the spectral density graph of the visitor regimen for the whole period to evaluate the possible reasons of the 4-16 day band in Fig. 3c . It is highlighted that predominant frequencies are 0.13 and 0.28 (equivalent to periodicities of 7.7 and 3.6 days), which would be placed in the 4-to 16-day band. These periodicities (7.7 and 3.6 days) are responsible (among other unknown causes) for the 4-to 16-day band. The number of people who visit the cave rises normally at the weekend, but frequently, at midweek, a massive visit (50 people approximately) occurs. This frequency in the weekly visits results in the 4-day periodicity. The influence of visitors on the CO 2 concentration and T in is therefore confirmed. However, to demonstrate the 4-to 16-day scale in a robust manner, a longer time series (i.e., more than 2 years) will be necessary in the future, when there are enough recorded data.
The remarkable relationships between both signals of CO 2 and T out -T in differences were reinforced in November 2013 and April 2014, with periodicities of 4-8 days strongly marked in Fig. 3c . These two marked areas are coincident with the change of tendency in cave ventilation (Garcia-Anton et al. 2014) . In November 2013, the Rull cave changed from an isolation to degasification state, whereas in April 2014, the opposite occurred (Fig. 1d) . Signal periodicities (CO 2 and T out -T in differences) vary during these events due to the variation of the cavity state.
Time evolution of the human-induced changes of the cave environmental conditions Different events have been analysed in detail. They occur both during the isolation and outgassing states of the cavity.
Within the isolation state of the cavity, RH and T in oscillations finished on August 28, 2013 (Fig. 5) . Temperature oscillations occurred mainly from May to the middle of August when the low-frequency component of T in remained at the lowest annual values (Fig. 2b) . Once the low-frequency component of T in showed higher values inside the cavity (middle August), visitors do not have a pronounced impact. This temperature recovery directly affects RH, causing the daily oscillations to be less drastic during the last 2 weeks of August, and later becoming nearly unidentifiable the first week of September, when the number of visitors accessing the cavity begins to decrease. The 1-day periodicities in the high-frequency component of T out -T in become significant again at the beginning of (Fig. 2c) . As a consequence, due to the huge amount of consecutive visitors in the cave, the CO 2 concentration previous to the massive event was not recovered, and the increase in the CO 2 concentration suffered a cumulative effect. From April 22, the number of visitors gradually decreased, supported by a substantial decrease in the CO 2 concentration. Each day from April 22 to April 25, the number of visitors was 30, 139, 22 and 38, producing increases of 20, 140, 100 and 140 ppm, respectively. Although 24 h after the visit the concentration values were reduced, the daily increases were not completely recovered from the previous day. A visit of 139 people on April 23 produced a CO 2 increase of 140 ppm that could not be recovered. Two days after consecutive groups of people (22 and 38 visitors), a cumulative effect was responsible for an increase of 140 ppm (April 25). The reduction in the visitor regimen from April 24-26 caused the high-frequency component of the signal to suffer a sharp decrease of nearly 500 ppm in less than 24 h. The high-frequency concentration steeply fell, reaching low-frequency levels. In addition, the absence of visitors from April 26 to 28 (by coincidence, no visitors entered the cave during this period) caused the high-frequency concentration to reach lowfrequency levels, which are described in this period as an upward tendency.
From April 17 to April 21, T in and RH again displayed daily oscillations (Fig. 6) . The presence of daily visitors affected both parameters. For T in , a daily average increase of nearly 0.12°C was coincident with massive visits. A daily cycle is noted in the temperature data, increasing with the first group of visitors around 10:00 a.m., reaching a maximum temperature at 15:00 p.m., and a minimum temperature after midnight. During this period, T in does not recover to the previous values before the visits, showing a cumulative increase of 0.047°C. From April 22, the reduction of visitors allowed for a complete recovery to daily values in T in .
Relative humidity describes a similar behaviour in this event. Daily cycles are correlated to those described by T in . RH increases to a maximum value of 1.5 % per day, but the high-frequency component recovers to the previous baseline after the visits events that supposes a no cumulative effect in RH.
In June 2014, when the cavity was still in the same isolation state, a less dense distribution of visitors occurred. From June 23 to 30, an average of 25 people visited the cave daily. Figure 7 reveals that the CO 2 concentration decreased approximately 100 ppm in 4 days, but no daily variations are detected. The low-frequency component of the signal (Fig. 2c) follows an upward trend, whereas the high-frequency component shows an opposite slope. This confirms that natural dynamics are predominant, even with the presence of visitors. Oscillations in T in and RH are noticeable with maximum increases of 0.1°C and 1.05 %, respectively. The recovering time of these factors is no longer than 12 h after the first visit. No cumulative effect is detected.
Within the outgassing state of the cavity, several days in December 2013 were analysed. In the last week of December 2013 (Fig. 8) , two consecutive days with more than 50 people produced an increase of nearly 100 ppm in the CO 2 concentration, whereas the low-frequency component decreased (Fig. 2c) . However, the RH and T in signals were not substantially affected. From January 17 to January 28, the cave remained completely closed to visitors, although there was an exceptional visit of 55 people on January 22 (Fig. 9) . The high-and low-frequency components of the CO 2 , T in and RH signals seem to be parallel in a downward trend (Fig. 2) . The high-frequency components remain stable because there is no disturbance inside the cavity. However, this visit of 55 people caused an increase of 0.14°C in temperature, which lasted 1 h 30 min. After this time frame, the temperature became identical to the existing value before the event. RH was not affected, remaining constant. The CO 2 increased by 250 ppm, and began to recover 1 h after the visit. In contrast to temperature, the CO 2 concentration reached its previous value on January 25, 72 h following the event.
Future work will require avoiding the existence of gaps in the data series. To obtain a full understanding of this analysis, it is necessary to use a longer data series of a longer time period. These factors will be taken into account and the proposed methodology and conclusions derived from the impact of visitors to microclimatic conditions will be extended to different cavities, which are presently under study. Therefore, the results presented here can be compared to these additional cavities. An intense insight of the soil-rock system above the cave, matched together with the conclusions obtained in this study, could lead to a deep understanding of the role of underground cavities as contributors in the global CO 2 cycle. 
Conclusions
The results obtained in this paper of the dynamics of an underground cavity confirm the existence of a seasonal contribution to open atmosphere CO 2 -enriched air from these underground environments. The study of CO 2 dynamics and the microclimatic signals of Rull cave was conducted using wavelet analysis. This tool has been demonstrated to efficiently detect signals variations, which can remain hidden in noise in a simple spectrum.
The proposed methodology for analysing environmental data easily detects the disturbance caused in underground cavities by anthropogenic phenomena. Wavelet analysis enables researchers to filter raw signals of monitored parameters. This filtering method allows for dividing a raw signal into two components; the first component indicates the low-frequency events or natural trends of the signal, and In touristic caves, such as Rull cave, high-frequency events are mainly related to visitors, particularly when there are no other substantial natural events. In this way, the anthropogenic input of CO 2 in the cavity is perfectly differentiated from the natural input. Moreover, the effect of visitors in the underground microclimate can be characterized. In Rull cave, variations in the microclimate measures due to human presence in the cavity do not exceed natural variations in most of the evaluated months. However, there are some episodes with massive visits, which cause exceptional variations in the studied parameters that last for long periods before recovered to pre-visit values. The seasonal pattern (low-frequency component) of trace gases in Rull cave is related to cave ventilation and gas exchange with outside air, mainly controlled by meteorological factors. The main parameters governing the cave's microclimate are differences between outdoor and indoor air temperatures and densities. This seasonal pattern always governs the cave microclimate, which is sometimes affected by visitor disturbances.
